Capabilities and expertise related to the development oflinks between nondestructive evaluation (NDE) and finite element analysis (FEA) at Glenn Research Center (GRC) are demonstrated. Current tools to analyze data produced by computed tomography (CT) scans are exercised to help assess the damage state in high temperature structural composite materials. A utility translator was wntten to convert velocity2 (an image processing software) STL data file to a suitable CAD-FEA type file. Finite element analyses are carried out with MARC, a commercial nonlinear finite element code, and the analytical results are discussed. Modeling was established by building MSC/Patran (a pre and post processing finite element package) generated model and comparing it to a model generated by Velocity2 in conjunction with MSCIPatran Graphics. Modeling issues and results are discussed in this paper. The entire process that outlines the tie between the data extracted via NDE and the finite element modeling and analysis is flilly described.
Introduction
Most reverse engineering approaches involve an object imaging or digitizing and then creating a computerized reconstruction that can be integrated, in 3D, into a particular design environment. Rapid prototyping (RP) refers to the practical ability to build high-quality physical prototypes directly from computer aided design (CAD) files. Using rapid prototyping, full-scale models or patterns can be built using variety ofmaterials in a fraction ofthe time required by more traditional prototyping techniques { 1,2].
Many software packages have been developed and are being designed to tackle the reverse engineering and rapid prototyping issues mentioned above. For instance, Velocity [3] is being used to carry out the construction process of 3D volume models and subsequent generation of a stereo-lithography (STL) file that is suitable for CAD application. Producing threedimensional models of objects from the CT scans is becoming a valuable Nondestructive Evaluation methodology [4] . Real components can be rendered and subjected to temperature and stress tests using structural engineering software codes. To achieve this, accurate high-resolution images have to be obtained via CT scans, and then processed, converted into traditional file format, and translated into finite element models.
PEA has been used extensively to model the effects of static and dynamic loading on aerospace propulsion components. This technique allows the application of complicated loading schemes by breaking the complex part geometry into many smaller, geometrically simple elements. Commercial codes such as MARC [5] are used extensively to determine the structural characteristics of a given component under various loading conditions. Therefore, the main objectives of this work is to clearly apply the most advanced techniques available in image processing to develop a comprehensive methodology connecting NDE with FEA. In addition, this will include performing analytical studies to evaluate the structural integrity ofaerospace components under complex loading conditions.
Image Processing and 3D Rendering
This section ofthe report is devoted to describing and detailing the steps followed in constructing an object 3D image and the subsequent finite element model. Several sub-paragraphs are listed below and each outlines the procedure applied, the pros, the cons ofthe software used, and their capabilities.
Image Quality and Alignment
The image quality is a crucial aspect ofthe 3D rendering and modeling process. The accuracy ofthe model depends on the clarity and the level of detail of the original CT scans from which it will be produced. While filters and image-editing tools that exist help sharpen and clean up the images, none of these can make up for a lack of quality and high-resolution originals.
During the process of scanning the object to be modeled using CT, the distance between the slices is brought to a minimum, (i.e. a slice every millimeter or smaller), since this increases the accuracy ofthe subsequent model. This approach usually generates more files and hence more information to process. However, it is necessary in order to improve the accuracy and to complete the construction ofthe model. In the current work, only four image slices ofthe panel were available. The rendering software, which fills in the missing information, is used to extrapolate between these slices and to create more images for the 3D-model construction. Figure 1 is a representative CT scans slice of a cooling panel that is the component of interest in this work. It consists of composite material and four metal tubes brazed to the composite by a brazing alloy to ensure adherability to the composite. Ideally, the CT scan images would be "optically aligned" -that is, aligned to each other by the scanning process itself, with all the slices having the same dimensions and orientation. However, this was not the case with the available slices, so the images had to be manually aligned to each other, using specialized software, VayTek's Slice Align [6] . Figure 2 shows the aligned, pre-processed and filtered image of the CT scan shown in Figure 1 .
Pre-Processing
Most ofthe time, Computed Tomography images will have speckles, interference, and artifacts caused by the scanning process itself. Using image-editing software, it is possible to reduce or eliminate these unwanted artifacts. Some 3D reconstruction software packages include their own filtering and image editing options, but conventional photo-editing packages such as Corel PhotoPaint [7] or Adobe PhotoShop [8] turned out to have the most convenient features for image pre-processing. Both the software packages mentioned were used to improve the image quality of the slices and to guide in completing the 3D construction ofthe model.
Image Editing
To remove the artifacts in the image, each individual image/slice was handled separately. Since these artifacts will differ, however slightly, with each image, there are no automated ways to work on all the images at once. Removing the artifacts involves "turning off' or erasing the pixels that comprise them. Velocity2 provided a limited capability for artifact removal through its use of masks. A "mask" is created from the whole image, and the individual pixels of the mask can be erased. Note that this does not erase the pixels on the original image, only on the mask. The mask, not the image, is then used for 3D rendering. The difficulty with this process is that the mask is of one color (e.g. white or yellow), and so it's difficult to determine where the legitimate object ends and the artifact begins when erasing.
So editing the images was implemented by a more convenient alternative to artifact removal, which is provided by the image editing software, Corel PhotoPaint [7] . Using image-editing tools such as Erase and Color Change, the image was edited and updated from all the artifacts.
Furthermore, while editing the image, it is sometimes necessary to add and to remove objects by drawing-in components that were not picked up by the CT scan, or to mark the image for future use. In this paper case here, the cooling panel being modeled consisted offiber reinforced composite material and four metal tubes. Only the metal ofthe tubes and the brazing material that was used to hold the metal tubing to the composite showed up on the CT scan -the composite material was much less dense. Therefore, to simulate the existence ofthe composite material, a manual operation using one of the available CAD software packages was applied. Velocity has no CAD skills and image editing programs like Photopaint [8] and drawing programs like Corel Draw [8] offered none either. MSC/Patran [9] was the only tool available to provide such capabilities.
Filtering and Grayscale Operations
Improving the qualities ofthe images by removing noise, sharpening the edges, and enhancing the CT scans is recommended. Using options like filters and grayscale are known to enhance the image and to improve its graphical features. For instance, filters are complex operations applied to the entire image, altering each pixel in a way that depends on its surrounding pixels. While Grayscale operations are simpler, and they affect each pixel on the image regardless of its neighbors. An appropriate filter or operation can be performed on the entire set ofimages, one by one. Also, scripts can be recorded to provide an automated way to apply several filters to all the images in the series. Filters such as Median, scale, Logarithm and sharpen were all applied to upgrade the quality of the images and make them easier for rendering. However, caution must be exercised since excessive use of filters and grayscale operations will lead to loss of information. Figure 3 shows the 3D-rendering model ofa set of2D filtered CT slices.
Regions of Interest (ROIs')
Most of all the 3D rendering and image processing software possess means to define and isolate regions of interests ( ROT). For example, when modeling the cooling tubes, it is desirable to render the brazing material around the tubes separately, to later provide that region with a different set of material characteristics. Therefore, to capture the later effects, the brazing material which appears as a bright region on the images is isolated by using Velocit? 's Logic Operations: Flood Fill All. This is done by setting the brightness threshold to an appropriate level that will only highlight the brazing and not the rest of the tubes. Ifno appropriate setting can be found, another way to isolate this region of interest would be to highlight the brazing, pixel by pixel. Once highlighted, the region can be rendered separately, and then imported into MSCfPatran along with the tubes and given separate material properties. Similarly, Velocit?'s Logic Operations: Flood Fill All is used to identify the metal tubes and the composite.
3D Reconstruction
Velocity2 is used to complete the process and to construct the actual 3D model. The procedure followed extrapolating the 2D series of images generated via the aforementioned mini-procedures into a 3D view. This is included creating an file and verifying the sharpness of the images before beginning the rendering process. Since the edge-detection and rendering algorithms will need this data for accurate modeling. It is worth mentioning that the most difficult part of3D modeling is the image pre-processing and the ROT isolation. Upon completing these steps, the actual 3D reconstruction is no more than a menu driven process. In Velocity2, invoking the Surfer Tab option, selecting the output file, the material, and setting the threshold would provide the necessary sequence to run the 3D construction.
Polygon Rendering
Upon completion of the 3D rendering, a resulting file that contains the geometric information needed for constructing a three dimensional finite element model is generated. The resulting binary file must undergo several more transformations before it's ready for importation into a CAD program such as MSCfPatran [9] or Hypermesh [10] . In Velocity , the rendered file is stored as Stereolithographic (STL) format file. This format exists for easy transfer between Ve1ocity and other applications, including HyperMesh and the STL-To-Patran, (PNF), an in-house translator. More details regarding the functionality of this translator are offered in sub-paragraph 10 (STL translator).
It is important to keep in mind that the polygon rendering provides only the surface of the objects, that is, a wireframe mesh of the objects with no elements inside. This is sufficient for some applications. However, to perform any analytical task and to assign material properties to the objects, the model has to be modified and to be setup for analysis by using specialized solvers such as HypeMesh [10] or MSCiPatran [9] . Figure 4 illustrates the polygon-rendering format of a section of the panel.
Polygon Reduction
One of the maj or problems in 3D modeling is the sheer number of polygons that the rendering and, more importantly, the analysis software have to deal with. For relatively simple objects to be adequately modeled, hundreds of thousands of triangular elements, and, consequently, a large number of nodes are needed. Reducing these numbers without losing model accuracy and detail is a considerable challenge that is yet to be completely overcome. Ultimately, one must arrive at a compromise -reduce the number of polygons as much as one ' s tolerance for accuracy allows, and have enough computing power to work with the remaining ones.
Two important tools to reduce polygon count are Velocity2 's PolyMerge [6] which reduces the polygon counts of rendered files (before converting them into STL files), and Decimator [11] , a utility that reduces and simplifies the polygons in STL files. It was determined that PolyMerge can be run without significant loss of detail with settings of 10-25 percent. Both utilities are needed to produce manageable models. When reducing, one should keep an approximate polygon count goal in mind, and then adjust the PolyMerge [6] and Decimator's [1 1] settings to achieve it. Thus, ifone's machine can handle 100,000 elements comfortably, one should run PolyMerge [6] at a reasonable setting, for example a 20%, and then use Decimator [1 1] to reduce the remaining polygon count down tolOO,000. Figures 5 and 6 show both the polygon wire mesh and the IGES model ofone tube section ofthe panel, respectively. The polygon wire mesh was reduced to 35,000 polygons down from 100,000 polygons before reduction.
Volumetric Rendering
Polygon rendering of objects, using Velocity2 or VoxBlast only produces "hollow" surfaces. In addition, it is desirable to work with "solid" objects possessing material properties when performing finite element analysis. As a result, one must volume-render STL files using either HyperMesh [10] or MSCIPatran [9J depending on the application thought. Automation of this procedure is an ongoing task and this work represents the groundwork for it.
STL Translator
Velocity2 's output which is the polygonized 3D volume rendered is written in a common format called stereolithographic) (STL). However, this format is not suitable to be read by MSC/Patran. Therefore, a software translator to convert the STL file into a neutral file interfaceble with MSC/Patran was developed. The code was written in C language and it can recognize both ASCII and binary format. The code is called PNF translator where PNF stands for Patran Neutral File. The code was complied to be used on Silicon Graphics platform, however, it can be compiled on any other machines by following the instructions for a particular C++ compiler.
Analytical Procedure
The analyses conducted in this study constitute a major goal and a completion ofthe image-rendering scheme employed. As stated before, it is intended to generate a connection between the main image rendering software Velocit? and the CAD applications software MSCfPatran or Hypermesh. The STL files produced by Velocity2 are recognizable by Hypermesh and an MSC/Patran neutral file can be easily disposed from Hypermesh as well. However, Velocit?-Patran link is only possible through the in-house PNF translator. For instance, in this work Hypermesh and MSCfPatran were used concurrently to construct the object finite element model. Furthermore, upon translating the STL file into polygons and wire mesh, a rigorous editing of the wire mesh remains. This is to eliminate and to reduce the number of surfaces in the model. Only tetrahedral and triangular elements can be generated with HyperMesh, while hex elements and others are possible with MSC/Patran.
Finite Element Analysis
The first part ofthe analysis covered generating a finite element model for the cooling panel using the geometric entities provided by the CT scan image with MSC/Patran. The panel's dimensions were 0.3225 in (0.82 cm) thickness, 1.349 in (3 .426 cm) length and 1 .496 in (3.8 cm) for the width. The three dimensional model consists of 25025 hex element eight node and 20920 nodes, Figure 7 . It is built purposely large to capture as many details as possible and to insure that the modeling resembled the as manufactured configuration of the panel. It was made out of fiber reinforced composite material, and metal tubing, 3/16 in (0.47625 cm) outside diameter, with a wall thickness ofO.035 in (0.0889 cm) and brazing molding alloy of 0.05 inch (0.127 cm). Figure 8 illustrates the materials distribution in the model. Figure 4 represents the polygon rendering format model ofthe CT scan image developed via the procedure described in this paper. This is the production of the CT scan images processed with Velocity2. However, this model was not developed further to be used in the analyses due to its complex structural shape and large size. It was beyond the capability ofboth the finite element and the CAD codes available. As a result, only one section of the panel, which included one tube, was modeled for the analysis. Figure 9 shows the finite element model ofthe one tube section ofthe panel including the composite. It consists of8860 eight node hex elements and 10737 nodes. Note that the geometric irregularities captured by the CT scan on the model are obvious. For instance, the tube circular section is not as smooth. Deformities caused by the combined coolant high pressure and the thermal loads are clearly marked. The brazing material around the metal tubing acquired an irregular shape. Similarly, an MSCfPatran version ofthe one tube section was generated and it is represented in Figure 10 . This is to enable comparing CT scan data finite element. It consists of 840 eight-node elements and 1 176 nodes.
The finite element analyses were performed on the cooling panel under elastic conditions and combined thermo-mechanical loading. The panel was subjected to high-pressure coolant injected through the cooling holes and to a thermal loading as well. The thermal load was assumed isothermal. The panel was constrained in a fashion that the bottom side would have a zero displacement along the vertical direction to simulate gripping effects invoked during testing, Figure 7 . While in Figure 9 which represents the single tube case additional constrains was added by fixing the edge nodes in the X-direction. Rigid body motion was assumed by fixing one single node in all directions in both cases. The panel was free move along the Y-axis. Material properties for the panel were acquired from reference [12] . The composite and brazing alloy possess orthotropic material characteristics. Such material effects were all incorporated into the analyses.
The panel underwent broad test matrix investigating its thermal performance, thermal shock performance and thermomechanical life cycle. However, the current work is only investigating identifying the structural deformities and the effects of the brazing material based on NDE data. Since it is known that the brazing material might erodes the metal tubing during the processing cycle, especially at the access holes where the brazing could overflow. The applied loading covered thermal and mechanical loading due to the coolant high pressure.
The stress analyses were conducted with MARC code [5] and results produced are discussed fully in the subsequent section.
Discussion of Results
The methodology applied here to connect the NDE data with FEA is still in the development stages, a more robust procedure is in the works to improve the sequence of generating the data and setting up the image model. Analytical evaluation and structural assessment are ofinterest and they represent the ultimate goal. For instance, the size ofthe model developed from the CT images remains very large. And the software utilized to construct it is still not equipped with the tools to reduce it as desired without jeopardizing the accuracy of the model. The challenge remains in resizing the geometry to an acceptable level.
In spite of the above, the overall purpose in this paper is to demonstrate the applicability ofthe finite element in tracing NDE modalities. Such as modeling images generated by MRI's, CT Scans, X-ray's etc into meaningful structural entities. The procedure applied in demonstrating these capabilities is outlined in details in the beginning ofthe paper. A clear representation of the sequence or the route carried out to construct a three dimensional volume from a set of 2D images and convert it into a finite element model ready for analyses is documented.
CT density data and stiffness data were not incorporated into the finite element mesh developed due to the unavailability of a computational scheme that correlates the two. Such scheme is undergoing development and it has been tested for tetrahedral elements [13] . However, it has not materialized to be a complete and robust procedure. It still lacks the capability to handle large models and to identify deformities and obvious cracks detected by CT scans. Therefore, for simplicity and for the purpose of this report, material density reductions were kept constant within a material system. Based on the imaging arrangement in Velocit? and the CT data, the material systems were identified as the metal and the brazing alloy and the fiber reinforced composite.
Results obtained from the finite element analyses are shown in Figures 1 1 to 13 . Figure 1 1 shows the stress distribution in the entire cooling panel. It is clearly noted that the tubes experience the highest stresses, which are due to the combined effects of both the thermal and the coolant high-pressure loads. Such high stresses may have caused the brazing material surrounding the metal piping wall to deform. This scenario could easily promote leaky tube conditions. In addition, it might cause the brazing to be forced through the access holes, not included in the modeling. CT scan findings have confirmed such possibilities. Nevertheless, the composite material enjoyed a lower stress magnitude compared to both the metal tubing and the brazing materials. Figure 12 shows the stress distribution reported in the one tube section ofthe cooling panel using the CT scan developed model. Once more, the maximum stress location is at the metal tube inside wall, which is similar to that experienced by the data shown in Figure 1 1 . However, in this case the brazing material deformation is clearly noted due to the cooling gas high pressure. Such data were noticed in the CT scan and interpretation of the information collected confirmed failure and leaking at the metal-wall-brazing material interface. Moreover, the finite element succeeded in identifying these behaviors. Furthermore, Figure 1 3 is a representative of the stress distribution generated by the finite element analysis on the MSC/Patran model. Similar results are reported. High stress region is confined to the tube wall as anticipated. Data presented by both Figures 12 and 13 confirms that the NDE and the finite element findings are in good agreement. However, the advantage of analyzing an NDE produced model versus CAD model is that the NDE offers more details concerning deformities and structural abnormalities which can assist greatly in the structural evaluation oftested components. While in the CAD modeling, all the flaws have to be artificially modeled.
The above information concerning the stress distributions and their magnitude are of high value since they offer a base line design limit that can assist in performing a life estimation process. Furthermore, the work performed represents the beginning of a series of analytical developments and studies to automate the procedure employed in connecting NDE with finite element. Efforts are ongoing and more representative case studies are expected to be reported in the near future.
Conclusions
Prototyping a 3D volume of a composite structure by means of reading in series of 2D images generated via computed tomography and by using and integrating commercial software, e.g. Velocity, Msc/Patran, Hypermesh, was successfully demonstrated. The building process from structural modeling to the analysis level was outlined. Stress analysis of the composite cooling panel under combined thermo-mechanical loading conditions was performed. Major accomplishments are listed below: 1 . Rendering of a 3D object from a series of CT scan images using Velocity software is feasible and its complexity increases with the large amount of information provided by the CT data. 2. The analytical results ofthe high stress regions correlated well with the damage sites as identified by the CT scans. 3. The development ofan essential translator code to transfer an STL file into a MSC/Patran Neutral file was accomplished. 4. The ability to read an STL file via HyperMesh utility software was revealed to be useful and to offer a shortcut to generating an IGES file that is suitable for FEA meshing. 
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